How do tubes -gut or neural tube -form from flat sheets of polarized cells? The prevalent view is that it is a two-step process: first cells wedge to bend the sheet, then cells intercalate and extend the initial invagination into a tube. We computationally challenged this model by asking if one mechanism (either cell wedging or intercalation) may suffice for the entire sheet-to-tube transition. Using a physical model with epithelial cells represented by polarized point particles, we show that either cell intercalation or wedging alone can be sufficient and each can both bend the sheet and extend the tube. When working in parallel, the two mechanisms increase the robustness of the tube formation. The successful simulations of Drosophila salivary gland, Sea urchin gastrulation and mammalian neurulation support the generality of our results.
considered [8] [9] [10] , possibly because the reported results are often limited to 2D 25 cross-sectional views. The anisotropy may stem from the coupling between PCP and 26 wedging -both apical and basal. This is supported by data at the molecular level (for 27 neural tube closure [8, 11] , midbrain-hindbrain boundary in zebrafish [3, 4] , gastrulation 28 in C. elegans [12] , sea urchin [13] , and Xenopus [14] ). 29 This recent development opens for new questions: What are wedging and CE capable 30 of on their own? Can invagination by CE happen in systems other than salivary glands? 31 Is anisotropy in wedging important for tubulogenesis and, if so, when? 32 We here introduce a theoretical model to address these questions. Theoretical 33 models have been important for understanding tubulogenesis, however they are often 34 limited to 2D and thus focus on either wedging or CE [15] [16] [17] . While there are 3D 35 models for budding and neurulation [18, 19] , they lack the coupling between PCP, 36 wedging and CE and do not capture the entire sheet-to-tube transition. To close this 37 gap we introduce a model of polarized cell-cell interactions where cells are treated as 38 point particles. As a starting point for our model, we consider the model suggested 39 in [20] which was used to study directional adhesion mediated by apical-basal (AB) 40 polarity and PCP. The model in [20] , however, could not explicitly account for changes 41 in cell shapes. Here, we show that the effect of cell wedging can be modeled within a 42 point-particle representation by modifying cell-cell forces to favor a tilt in AB polarities. 43 In line with data in Chung et al. [5] , simulations show that although CE alone can 44 lead to a budding transition, it is less reliable, with frequent failure of invagination and 45 misorientation. Our results suggest that the isotropic wedging orients the budding and 46 allows for robust invagination. When applied to wrapping in neurulation, we find that 47 anisotropic wedging alone was insufficient for final tube closure. However, both closure 48 and tube separation from the epithelium can be aided by differential proliferation. 49 Furthermore, we find that anisotropic wedging on its own may be sufficient for tube 50 elongation. Together, our results support the mutual complementarity of wedging and 51 CE in bending and elongation. 52 
Results

53
To investigate the role of cell wedging in budding of salivary gland placoids and 54 neurulation we aimed at capturing both isotropic and anisotropic (PCP-driven) wedging 55 with as few parameters as possible.
56
Modelling wedging of a point particle by favoring tilt in AB
57
Apical constriction leads to cell wedging and as a consequence the AB axes of neighboring cells become tilted towards the wedged cell ( Fig 1B-C) . In [20] a flat epithelial sheet was modelled by a cell-cell interaction force favouring parallel AB polarities in neighboring cells ( Fig 1A, Eq 4) . To model the effect of wedging we modify the force to favor AB polarity vectors p i in neighbor cells to tilt towards the wedged cell ( Fig 1B and 1C) . That is, when the force is calculated, we replace p i byp i (Eqs 1-3).
(2) p i ∝ p i − α q ij (for anisotropic wedging).
(3) pronounced in all directions [7] , all neighbors to the wedged cell tend to tilt equally. In 62 neurulation, the wedging is anisotropic: the wedging happens primarily parallel to the 63 cell's PCP and perpendicular to the axis of the tube [8] . To capture this PCP-directed 64 anisotropy, we couple the direction of AB tilting to the orientation of the cell's PCP (Eq 65 3, Fig 1C) . See the Methods section for details of the model and simulations.
66
Note, that we aim to only capture the effect of wedging-PCP coupling and not the 67 molecular mechanism. Also, in an attempt to generalize our results, we focus on a 68 minimal set of conditions necessary for the final outcome.
69
To test the validity of our approach, we first consider the complementary roles of CE 70 and wedging in budding.
71
Complementary and unique roles of CE and wedging in budding 72
Reflecting the viewpoint that tube budding is a two stage process consisting of 73 wedging-driven invagination and subsequent convergent extension, computational 74 models have generally focused on either of the two stages [15] [16] [17] . However, to date no 75 computational models have managed to recapitulate the results by [7] and [5] suggesting 76 that CE contributes to invagination and may even drive it in the absence of wedging.
77
To validate our approach, we set out to reproduce these experimental observations. 78 We start with a flat sheet of AB polarized cells. Motivated by the possible link between 79 organizing signals (e.g. WNT), PCP and wedging [21, 22] , we define a region of 80 "organizing signals" such that the cells within this region exhibit isotropic wedging and 81 PCP. In salivary glands, the apically constricting cells are distributed on a disk around 82 the future center of the tube. With this configuration, we did not find parameters where 83 both CE and wedging could act in parallel to form the tube. A two-step process, a ring of basally constricting cells (with or without apically constricting disk) remedied 86 this problem and allowed for wedging and CE to act in parallel. Supporting this, the 87 data by [7] suggests that there are basally constricting cells in the outer region of the 88 placoid. Furthermore, basal and apical constriction seem to be induced by the same 89 organizing signal [3] through PCP pathways. Also in sea urchin gastrulation, both types 90 of wedging seem to be at play [23] . For simplicity, we limit our simulations to basal 91 wedging, where basally constricting cells are distributed on a ring (Fig 2A and S5 Fig) 92 Our budding simulations thus show that successful invagination and tube elongation 93 can proceed if both wedging and PCP (and thus CE) act in parallel (S1 Video, Fig   94 2A-C). We have also succeeded in simulating sea urchin gastrulation where budding 95 starts from a sphere of cells (Fig 3, S5 Video, [24, 25] ). This proceeds essentially like in 96 the planar case (see Methods for details). (A-C) Time evolution of budding simulation (similar to salivary glands). Here, gray cells constrict basally and all cells on and inside the ring intercalate radially. Here, λ 3 = 0.1, |α| = 0.5. (D-F) Time evolution of wrapping simulation (similar to neurulation). Here, gray cells representing neuroepithelium, constrict apically and constriction is anisotropic, follows the direction of PCP (Eq 3). Cells proliferate only at the gray/colored boundary (with 7 hour doubling time), mimicking differential proliferation at the neuroepithelium/ectoderm boundary. Here, λ 3 = 0, |α| = 0.5. Throughout, λ 2 = 0.4.
97
In addition, we find that budding can proceed without wedging. However, robustness 98 of the outcome decreases in two ways. First, the proportion of failed invaginations is directions orthogonal to the plane. Thus, it seems that the role of wedging is to aid in 103 the initial invagination and ensure correct orientation. This is a plausible explanation 104 for the results obtained in [5] where the authors knocked-out wedging in the context of 105 Drosophila salivary gland formation and observed that the budding process could still 106 proceed, but with reduced reliability and orientational stability. In contrast to our 107 results and the findings by [7] , [5] do not consider cell intercalations by CE but propose 108 that supracellular myosin cables drive tissue bending in the absence of wedging. It will 109 be interesting to extend our approach to include an analog of myosin cables through 110 e.g. PCP-coupled supracellular forces, however, it is outside of the scope of the current 111 work.
112
Cell shape change, intercalation and tissue compression by supracellular myosin 113 cables are also key players in wrapping [8] . The differences that cause some tubes to 114 form parallel and others orthogonal to the epithelial plane appear to be encoded in the 115 geometrical arrangement of the cells that participate in these three processes. In To test if this difference in geometry alone is sufficient for wrapping, we choose a stripe 121 of cells in the middle of the epithelial sheet to represent the neuroepithelium (NE) Interestingly, anisotropic wedging also leads to CE cell intercalation, narrowing and 135 elongating neuroepithelium (see S3 Fig) , thus supporting the link between PCP-driven 136 wedging and cell intercalations. The simple intuitive argument for this comes from how 137 wedged cells pack in the tube. In the minimum energy state the extent of wedging, α, 138 determines how many cells can pack around the tube's circumference (Fig 1) . To 139 minimize energy, the "extra" cells will be displaced along the tube axis (S3 Fig) . 140 CE-driven narrowing of the epithelium was proposed to be important for tube 141 closure [26] . In our simulations, wedging and CE alone succeeded in bending the tissue 142 in an axially symmetric fashion (S2 Fig) , however, we could not obtain successful tube 143 closure even with maximally possible CE and wedging (both tuned by the strength of α 144 in Eq 3). This suggests that additional mechanisms are necessary for final tube closure. 145
Buckling by proliferation at the NE boundary aids in tube closure Images 146 of neurulation cross-sections (see e.g. [27] ) show a strong bending at the 147 neuroepithelium-ectoderm (NE) boundary with the curvature opposite to that inside of 148 neuroepithelium (neural folds) [28] . This is believed to be a result of combined forces 149 from the ectoderm due to i) change in cell shape (ectoderm cells become flatter and 150 neuroepithelial cells become taller); ii) adhesion between basal surfaces of NE and E 151 close to the neuroepithelium-ectoderm (NE-E) boundary [28] and iii) increase in cell 152 density at this boundary either due to cell proliferation or intercalation [29] .
153
Our goal was to test if the model can capture full tube closure with at least one of 154 the mechanisms, so for simplicity, we focused on differential proliferation. When cells 155 were set to proliferate only at the NE-E interface [29] , we found that the resulting 156 buckling can lead to successful neural tube closure (S2 Video). In the simulations, the 157 out-of-equilibrium buckling created by rapid cell proliferation is necessary to create a 158 narrow neck that allows epithelial folds to fuse. We find that tubulation is possible (Fig 4) . In both cases the folds are too far apart to fuse, but for different reasons. 162 If proliferation is too slow, the folds are far apart because the buckling is too weak. On 163 the other hand, when proliferation is too fast, the sheet does not have time to The effect of slow proliferation in our simulations is in line with the experimental 168 data. In [30] it was shown that low proliferation rates could lead to neural tube defects 169 in mice. In humans, mutations of the PAX3 transcription factor are implicated in 170 Waardenburg syndrome [31, 32] characterized by incomplete neural tube closure. The 171 same transcription factor has been shown to be essential in ensuring sufficient cell 172 proliferation [33] . The effect of increased (compared to wild-type) proliferation has not 173 been addressed experimentally and we hope that our predictions will motivate 174 experiments in this direction. This allowed us to arrive at the following key results. First, our simulations 190 recapitulate that CE can drive invagination in the absence of wedging [5, 34] . Thus 191 suggesting that this is a general mechanism, that it does not require forces from wrapping, the same principle may apply in budding, were the reported isotropic 201 wedging [7, 34] seems to become anisotropic along the axis of the tube as it is 202 elongating [35] . It will be interesting to explore this hypothesis theoretically and 203 experimentally. Such isotropic to anisotropic transition in wedging has been reported in 204 Drosophila furrow formation [9, 36] . The visual inspection of tube cross sections in the 205 pancreas and kidneys suggest that cells are wedged, and while by analogy to neurulation 206 it is reasonable to expect wedging to be anisotropic, it remains to be confirmed 207 experimentally by e.g. whole mount 3D imaging of stained tubes.
208
Third, buckling by differential proliferation (faster at the neuroepithelium/ectoderm 209 boundary than in the remaining tissue) together with anisotropic wedging within 210 neuroepithelium is sufficient for tube closure and separation. Differential proliferation 211 has been proposed by [29] as a mechanism for forming DLHP -regions where the tissue 212 curvature has the same sign as at medial hinge points (MHP). We find that modifying 213 the extent of apical constriction or how it is distributed -i.e. throughout entire 214 neuroepithelium, or combinations of DLHPs and MHP, could not result in tube closure. 215 Instead, our results highlight the importance of creating opposite curvature at the boundaries and aids tube closure as it curves the epithelium opposite to the curvature 218 resulting from apical constriction.
219
Our simulations predict a wide range of proliferation rates capable of producing 220 sufficient buckling for closure. These results call for testing for differential proliferation 221 in systems without DLHP's (by accelerating or reducing proliferation rate in mutants or 222 by molecular inhibitors [37] ). While not immediately feasible, it is also interesting to 223 consider how to perturb the "opposite" curvature by interfering with differences in cell 224 shapes or basal adhesion [28] of the neuroepithelium and ectoderm close to the 225 boundary.
226
Models of tubulogenesis date back to at least a few decades [38] , however most of budding in lung epithelium arrived at the conclusion that anisotropic wedging can only 234 result in rounded tubes and is insufficient to drive the entire process [18] . 235 We have demonstrated that cell wedging can be phenomenologically captured in a 236 point-particle representation. This is not restricted to apical constriction but also covers 237 e.g. basal constriction and can, in a similar spirit, be extended to capture changes in cell 238 height and width. This could allow for modeling a wider range of phenomena where 239 morphological changes are driven by these differences. Furthermore, we are now in a 240 position to address tube branching in e.g. lungs and vascularization, where cells forming 241 the tubes also are the ones that secrete organizing signals that locally re-orient PCP 242 polarities and may induce anisotropic changes in cell shapes. Following [20] , cells are treated as point particles interacting with neighboring cells through a pair-potential V ij . The potential has a rotationally symmetric repulsive term and a polarity-dependent attractive term. In terms of r ij (the distance between two cells i and j), the dimensionless potential can be formulated as
The parameters λ i are coupling constants which define the strength of polar interactions 246 in the model. S ij (A) quantifies the coupling between AB polarity and position, whereas 247 S ij (AP ) and S(P ) ij quantify the coupling of PCP with AB and position, respectively, 248 as described in [20] . These couplings are formulated in in terms of AB vectors p i , PCP 249 vectors q i and a unit vectorr ij from cell i to j. The coupling 250 S ij (AP ) = (p i × q i ) · (p j × q j ) dynamically maintains the orthogonality of the PCP 251 unit vectors q i and q j to their corresponding AB polarity vectors while lateral 252 organization is favored by S ij (P ) = (r ij × q i ) · (r ij × q j ). In the absence of any cell 253 shape effects, the coupling between AB and position is given by 254 S ij (A) = (r ij × p i ) · (r ij × p j ), which favours a flat cell sheet. Wedging of cells is 255 introduced into our model by a single deformation parameter α, which describes an 256 attractive interaction between the AB polarity unit vectors p i and p j :
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wherep i is given byp i = p i (for no wedging),
Here, q ij denotes the mean of PCP vectors q i and q j belonging to the two interacting 258 cells.
259 α = 0 favors a flat sheet (see Fig 1A-B) whereas a non-zero α favours bending of AB 260 polarity vectors towards (or away from) one another and induces curvature in a sheet of 261 cells (Fig 1C-D) .
262
The time development is simulated by overdamped (relaxational) dynamics along 263 the gradient of the above potential, Eq (4). In the case of cell divisions, new daughter 264 cells are placed randomly around the mother cell at a distance of one cell radius.
265
The source code for the simulations is available on GitHub [39] . 266 Parameter estimation and robustness 267 We have tested the robustness of our approach on a number of model cases and find 268 that, for example, budding can be reproduced with a broad range of wedging We further explore our model by re-instating dimensions in the formulation of the potential and the equation of motion and estimating dimensionful quantities. With dimensions reinstated, the pair-potential takes the form
The overdamped equation of motion (without noise) becomes
where v i = ∂r i /∂t. We now introduce dimensionless (tilded) parameters
and insert the dimensionless parameters in our equation of motioñ
We expect ∂Ṽij ∂ri , and thus also |ṽ i | to be of order 1 in sheet-orthogonal extrusion. In [40] , a typical value for the dynamical viscosity µ was reported to be on the order of 250Pa s. This can be related to the coefficient γ by Stokes' Law of viscous drag, γ = 6πµ . We now compare our model with epithelial cell extrusion and use the typical cell speed reported in [41] , v 0 ≈ 1mm h −1 and use the typical cell size reported in [42] , 2 = 13µm. With these numbers, our model predicts a typical extrusion energy on the order of
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The factor of 12 = 2 × 6 is due to the hexagonal structure of the cell sheet. Note, that 272 our estimate of the extrusion energy is consistent with the finding in [41] for epithelial 273 cell extrusion. Here, an actomyosin ring is measured to exhibit a contraction force of the 274 order of 1kPa, which results in an extrusion energy of the order 1kPa × Cell proliferation is simulated as a Poisson process by choosing a rate Γ for each cell 281 to divide in each time unit. Only cells at the neuroepithelium-ectoderm interface 282 (defined as cells with |α| > 0 who are neighbours of cells with α = 0) proliferate (with 283 rate Γ = Γ 0 > 0) while the rest have Γ = 0. Daughter cells inherit all properties of their 284 mother cell and are initiated randomly in a distance of one cell radius from their mother 285 cell.
286
It should be noted that the initial width of the strip is not particularly important, 287 since wedging will ensure the correct tube width given sufficient proliferation. In our gastrulation simulation, the assignment of PCP and cell wedging is characterized by two radii, describing an annulus (see S5 Fig) :
PCP is assigned within the disk Ω 1 given by
The PCP coupling strength λ is taken to be λ = (0.5, 0.5 − λ 3 , λ 3 ) inside Ω 1 , (1, 0, 0) everywhere else.
where a typical value for λ 3 is between 0.08 and 0.12.
292
The PCP vector field q is initially assigned so that it spirals around the axis of tube formation (the z-axis):
In the gastrulation simulations, the PCP vector field is fixed on a per-cell basis.
293
Nonzero apical constriction parameter α is assigned in an annulus Ω 2 , which shares its outer radius with the disk Ω 1 : Ω 2 = (x, y, z) r 0 < x 2 + y 2 < r 1 .
The magnitude of α for the cells in Ω 2 is taken as 0.4: |α| = 0.4 inside Ω 2 , 0 everywhere else.
The regions Ω 1 and Ω 2 are fixed in space and not on a particle basis. The number of 294 particles in this simulation is N = 4000.
Modeling budding from plane 296 The budding simulation is, apart from global topology, very similar to the gastrulation 297 simulation.
298
The relevant length parameters are r 0 = 5,
Two regions are correspondingly defined -the disk Ω 1 and the annulus Ω 2 :
Ω 2 := (x, y, z) r 0 < x 2 + y 2 < r 1 .
299
The PCP vector field q is initially assigned so that it spirals around the center of invagination (the origin of coordinates):
300
Nonzero apical constriction parameter α is assigned in the annulus Ω 2 with magnitude 0.5: |α| = 0.5 inside Ω 2 , 0 everywhere else.
The total number of particles in the simulation is 1384. The initial configurations of the cell sheet for neurulation. Wedging is turned on in a 316 band of width d (gray) with PCP running orthogonal to this band.
